by X-ray crystallographic analysis. It is proposed that both reactions initially involve radical ion intermediates. Generalizations, useful for predicting the result of irradiating cyano aromatic compounds in the presence of olefins are formulated.
INTRODUCTION
We have frequently used cyano aromatic compounds, particularly 1, 4-dicyanobenzene (1) and 1, 4 dicyanonaphthalene (2) as photosensitizers (electron acceptors) for the formation of olefin radical cations (Ref. 1) . Usually the photosensitizer was largely recovered after the olefin was consumed, which indicates that the sensitizer radical anion was stable under the reaction conditions and was ultimately oxidized, by electron transfer, back to the neutral cyano aromatic compound. This experience is in contrast with the known photocycloaddition reaction of olefins to cyanobenzene (3) reported many years ago by G. Buchi and coworkers (Ref. 2) and more recently reinvestigated by T. S. Cantrell (Ref. 3) . Products resulting from photocycloaddition to both the cyano group and to the aromatic ring were found by these and other workers (Reactions 1 and 2) (Ref. [2] [3] [4] . Also at variance with these results is the report by J.J. McCullough and his coworkers of the formation of 1:1:1 addition products upon irradiation of 2-cyanonaphthalene (10) in the presence of 2,3-dimethyl-2-butene (4) and methanol (Reaction 3) (Ref. 5) .
We first noticed product formation between the cyano aromatic compound and the olefin during our studies of the photosensitized (electron transfer) cross cycloaddition of olefins. Irradiation of 1,1-diphenylethylene and 4 using 1 as the photosensitizer (electron acceptor) in acetonitrile solution, led to the cross cycloaddition products; however, 1 was partially consumed. The photosubstitution products 14 and 15 were identified (Reaction 4) (Ref. la).
In this paper we report the results of a more thorough study of the photochemical reactions of l,4-dicyanobenzene (1) and l,4-dicyanonaphthalene (2) with 2,3-dimethyl-2-butene (4) in acetonitrile solution. We will discuss the mechanisn of these reactions which we believe involves the initial formation of the radical ion intermediates. Our conclusions are pertinent not only to the problem of identifying the pathways leading to destruction of the sensitizers in photosensitized (electron transfer) reactions, but also serve as a basis for formulating generalizations concerming the potentially useful photocycloaddition and photosubstitution reactions of cyano aromatic compounds with olefins.
RESULTS
Ultraviolet irradiation of an acetonitrile solution of l,4-dicyanobenzene (1) and 2,3-dimethyl-2-butene (4) through a Pyrex vessel gave the three diners of 4-H plus two other volatile products 14 (10%) and 15 (18%) (Reaction 4) (Note a). Both 14 and 15 were isolated by Note a. The yields of 14 and 15 reported in our previous communication (Ref. la) were inadvertently reversed.
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preparative vapor phase chromatography (vpc). They both have a parent peak of 185 m/e in their mass spectra (ms) which indicates that they are substitution products; i.e. 1:1 adducts -HCN. The 1Hmr spectrum of 14 showed three methyl groups, a methylene group and a para-substituted phenyl ring, which is consistent with the structure of 2,3_dimethyl_l_(Lcyano_ phenyl)-2-butene. The 1Hmr spectrum of 15 showed two terminal vinylic protons one of which is coupled to an allylic methyl group, two weakly coupled methyl groups and a parc-substituted phenyl ring, which is consistent with the structural assignment, 2,3-dirnethyl-3-(14cyano-phenyl)-l-butene.
Ultraviolet irradiation of l,4-dicyanonaphthalene (2) and 2,3-dimethyl-2-butene (4) in acetonitrile solution gave again the three diners of -H plus three major products which, according to their ms, are 1:1 adducts (Reaction 5). The combined yield of these three products accounts for cc. 60% of 2 so this reaction is useful for the preparation of these complex molecules. The 13Cmr and 1Hmr spectra reveal that all three adducts consist of a benzo group, two cyano groups, three methyl groups, two methylene groups, one methine group and four quarternary substituted carbons. There are several possible structures which can accommodate these features. Deuterium was not incorporated upon refluxing any of the adducts in methanolOd-sodium methoxide. This rules out those possible structures which have the methine proton adjacent to the cyano group which would exchange under these conditions.
While the spectra of the three adducts is consistent with structures 16-19, the data did not allow us to distinguish from among these four possibilities. We could tentatively single out adduct 16 since the 1Hmr resonance for the protons of all the methyl groups are of normal chemical shifts (i.e. '\' 1 ppm). With the other three structures there would be one high field methyl group which would be that which is situated in the shielding region of the phenyl ring. It was also possible to tentatively distinguish adduct 17 from the other two adducts since the methylene and methine protons are all coupled.
The structures of 16, 17 and 18 were determined by X-ray crystallographic analysis. Stereoscopic views of the molecules in the final structure are given in Fig. 1, 2 , and 3.
There were at least three volatile minor products (total 7%) detected by vpc, which we have not identified. One of these products was observed to build up to a small constant amount during the irradiation and became scarcely detectable after 2 was completely consumed. This may correspond to one of the proposed monophotonic reaction intermediates, which will be discussed later; however, we were never able to isolate a sufficient quantity of this product to allow identification. 2) addition of the olefin, at the ambident sites of the allylic radical, to the aromatic ring, (Reaction 5 provides the first example of this type, which, in this case, is followed by further photochemical reaction of the primary photoaddition product); 3) cycloaddition of the olefin to the cyano substituted aromatic ring (Reaction 2); 4) cycloaddition of the olefin to the cyano group (Reaction 1); 5 ) formation of 1 : 1 : 1 adducts incorporating alcohol solvent (Reaction 3); 6) the ring of the cyano aromatic is sometimes reduced upon irradiation in the presence of olefins (e.g. formation of 13 in Reaction 3); and finally, 7) the photosensitized (electron transfer) reaction (Ref. 1). This plethora of reactivity is illustrated (Reactions 1-5) with the common olefin 2,3-dimethyl-2-butene (4) and different cyano aromatic compounds and conditions.
In the discussion that follows, we will propose mechanisms (Schemes 1 and 2) for the new reactions (4 and 5). It is then possible, by applying this mechanistic reasoning, to explain why these reactions are observed instead of other possibilities. While much remains to be learned, a pattern of reactivity is beginning to emerge which will be useful in predicting the type of reactivity observed upon irradiation of a given system. The first few steps in Schemes 1 and 2 are the same. The ultraviolet absorption spectra of mixtures of 1 and 2 with 4, at the concentration of the irradiation mixtures, show enhanced absorption relative to the spectra of the individual components. This long wavelength tail (there is no detectable shoulder or maximum) is indicative of the formation of a weak chargetransfer complex and this charge-transfer transition is in the actinic region (i.e. A > 290 mm). Nevertheless, most of the light must be absorbed directly by 1 and 2.
That the singlet states of 1 and 2 are reactive species follows from the rapid fluorescence quenching of 1* and 2* by 4. The quenching rate constants, obtained from the slopes of the Stern-Volmer plots and the measured singlet lifetimes of 1* and 2*, are essentially diffusion controlled.
Quenching by electron transfer is energetically feasible. The free-energy change (AG) for this process, estimated using the now familiar semi-empirical approach developed by A. Weller and his coworkers (Ref. 6) , are listed in Table 1 . It seems likely, in view of the high dielectric of the solvent (acetonitrile, c = 35.6) and the large difference in electronegativity between 1 (and 2) and 4, that the excited state of the charge-transfer complex, if formed, would rapidly dissociate. There was no evidence for emission from an excited state of the charge-transfer complex, even in solutions containing high concentrations of 4, o that the fluorescence from 1 and 2 was strongly quenched.
Also listed in Table 1 is an estimate of the free-energy change upon formation of radical ions between the excited state of benzene and 4. In contrast, the electron transfer process is not favored in this case. Irradiation of benzene in the presence of 4 is reported (Ref. 7) to give three 1:1 adducts (Reaction 6). This reaction is apparentlynot affected by change in solvent dielectric; the product ratio is similar in hexane and in acetonitrile solution. This, and other evidence, suggests that the product ratio is determined by competitive reactions of the exciplex which, in this case, would not be very polar and would therefore be less likely to form radical ions. The radical coupling process (Scheme 1 and 2, 3b) should favor attachment of the allylic fragment so as to form the more heavily substituted olefin. That is, products derived from 24 should be favored over those from 25 in reaction 4 and products from 26 should dominate those from 27 during reaction 5. The ratio of products from reaction 5 indicates that this is the case, 16+18:17, ca. 3:1. In reaction 4, however, the opposite is true, 14:15, ca. 0.5. These results suggest that the product ratio will in general depend upon the relative rates of proton transfer (step 3a) and radical ion coupling (step 4a). Note that the alternative allylic radical coupling products were not observed from reaction 3. J.J. McCullough and his coworkers suggest a mechanism analogous to step 4a and they show, by isotopic labeling studies, that a step analogous to 3a is not involved. The factors influencing these rates have not yet been defined. It is clear, however, that the presence of alcohol tends to favor products formally derived from the radical ion coupling pathway (Ref. 4b and 5) .
It is interesting to consider the factors which influence the sites of addition to the cyano aromatic, i.e. 1,2-vs. 1,4-addition, and carbon or proton bonded to cyano-bearing rr unsubstituted position. In the case of 1 and 2 there are at least six possible primary products.
A(cis & trans) B C(cis & trans) D
Considering first reaction 4, we cannot, with the existing data, choose between A and B (or both); A is shown by analogy with reaction 6 and some other related results (Ref. 8). We find no evidence for mete-substituted derivatives so apparently C is not produced. The products from reaction 5 are indicative of formation of B.
It is perhaps speculative to attach much significance to the absence of possible products from reaction 4 and 5, particularly in view of the rather low yields and the possibility that rearrangements or secondary reactions of initially formed products may have occurred. Nevertheless, it may be useful to point out that molecular orbital calculations (MNDO) indicate that the 1-position of the anion radicals of both 1 and 2 bears the largest charge and spin density ( Table 2) . Electron spin resonance studies provide direct evidence for this point (Ref. 9) . The calculated localization energy also supports the view that initial reaction at the 1-position of both 1 and 2 is favored. It may be that the initial adducts from reaction 5 do in fact have structure A and that isomerization of the double bond into conjugation (structure B) precedes intramolecular cyclization. The mechanistic schemes for reactions 4 and 5 diverge after step 3. It is reasonable to assume that the intermediate in reaction 4, i.e. 24 and 2 will more rapidly lose HCN to rearomatize the phenyl ring, than would the analogous compounds in reaction 5, where the driving force is rearomatization of the naphthalene ring system. We found no evidence for the analogous naphthalene substitution products in reaction 5.
The formation of 16, 17 and 1 was not anticipated. We believe that the intermediates 26 and 27, which were not identified, undergo an efficient intramolecular cycloaddition to give the observed products. The regiospecificity of the cyclization of 26 and 27 is explicable in terms of the involvement of 1,4-diradical intermediates. If we make the reasonable assumption that one of the radical sites will be at the tertiary benzylic-, cyano-position, then the 1,4-diradical precursors of 16, 17, and 8 also have a tertiary position for the other radical site. The other possible product, 19, which was not observed, would require formation of a less stable primary radical site. It seems likely that the intramolecular photocyclization is a triplet sensitized reaction with the triplet of 2 serving as the sensitizer. This would account for the fact that 26 and 27 never attain a high concentration.
CONCLUSIONS
We are now in a position to give a preliminary summary of some generalizations regarding the type of reactivity to be expected upon irradiation of a cyano aromatic compound in the presence of an olefin. Reactions 1 and 2 require the exciplex intermediate . Polar solvents, which deactivate polar exciplexes through formation of the component radical ions, will inhibit these reactions. It is therefore not surprising that irradiation of neither 1 nor 2 in the presence of 4 yields the 1-azetine or cyclobutane when acetonitrile is the solvent. 
Intramolecular photocyclization
From the limited number of examples studied, the competition between reactions 1 and 2 shows an interesting pattern. Formation of the 1-azetine (and 2-azabutadiene formed as a secondary photolysis product) is favored with electron-rich olefins, while the cyclobutane products are favored with less electron-rich olefins. Cyano aromatic compounds larger than naphthalene form cyclobutanes as the exclusive cycloaddition products, even with electron-rich olefins. This preference between reactions 1 and 2 has been attributed to variation in the structure of the exciplex (Ref. 36 and Ltd) .
In polar solvents the photochemical reaction between cyano aromatic compounds and olefins takes an entirely different course; consistent with the involvement of radical ion intermediates. Reactions 3-5 illustrate reactions of the radical ion pair involving alcohol solvent, proton transfer between the radical ions, and coupling of the radical cation and anion. The factors which influence the competition between these various possibilities have yet to be determined.
When the radical anion of the cyano aromatic is protonated during the reaction pathway, the eventual formation of the reduction product (i.e. 13 in Reaction 3), formed for example by disproportionation, is likely. Similarly, the dimer(s) resulting from coupling to the allylic radicals is to be expected as a competing reaction when proton transfer from the radical cation occurs. These types of reactions will depend upon the kinetic acidity of the radical ions and the stability of the intermediate radicals.
We offer the prediction that the synthetic utility of any particular type of photochemical reaction between a cyano aromatic compound and an olefin will be limited to special cases. This is in view of the many diverse types of reactions which are possible and the complexity of the reaction mechanisms which in most cases involve a number of reactive (unselective) intermediates. The challenge for the organic photochemist is to discover ways to influence reactivity in the desired way with any combination of reactants.
16
U Fluorescence quenching experiments were performed using an Aminco-Bonnan spectrophotofluorometer. Stern-Volmer plots were obtained from the fluorescence at the maximum. The samples were degassed on a mercury-free vacuum line using three freeze-pump-thaw cycles. From the measured singlet lifetimes of 1 (9.7 nsec.) and 2 (10.1 nsec.), quenching rate constant of 8.4 ± 0.1 x l0 and 10.2 ± 0.1 x l0 M1 sec1 respectively were obtained for 4 in acetonitrile at room temperature.
Irradiations were performed using a General Electric Co. l-kW medium pressure mercury vapour arc lamp with a quartz cooling jacket (Photochemical Research Associates) at 10°C. All solutions were placed in Pyrex vessels flushed with dry nitrogen and sealed with rubber septa.
X-ray crystallographic an4ysis
The crystals of all three compounds were of an adequate size and were apparently well formed. They did not diffract well. The reflection data were all collected on a CAD4 automatic diffractometer and the structures were solved by routine applications of the Tangent formula using the Sheldrick SHELX 76 system. The trial structures were refined by full matrix leastsquares with isotropic temperature factors on the heavy atoms of compound 17 and anisotropic temperature factors on the heavy atoms of the other two compounds. The refinements converged with R = .048, .104, and .071 on the three compounds respectively. 
